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Introduction
Since the first report on olivine lithium iron phosphate (LFP) in 1997 [1] this substance became the most recent state-of-the-art material of positive electrodes of lithium-ion batteries. The theoretical specific capacity of LiFePO 4 is 170 mA h g -1 and electrodes based on LiFePO 4 demonstrate a flat voltage plateau of around 3.45 V (vs. Li/Li + ). Rather low electronic conductivity (σ ≈ 10 -9 S cm -1 ) should be mentioned as one of the disadvantages of this material. However, electron transfer can be enhanced by a simple carbon coating of the LFP particles in situ during synthesis or ex situ by post-treatment. This leads to significant increase of the achievable specific capacity. Different ways for further improvement of this active material have been extensively studied for the last few years: i) development of advanced nanostructured LFP-carbon composites;
ii) replacement of carbon by conductive, electrochemically active polymers; iii) doping of LFP by the ions of transition metals and so on. In particular, LFP doping with vanadium has been suggested as a way for the increase in mobility and diffusion coefficient of Li + ions due to lattice expansion and Li-O interaction weakening [2] . The authors of [3] [6] . Intriguingly, even 0.32 wt.% V atoms substituted for some Fe atoms can notably improve the cathode property. The authors of [7] have systematically studied a series of materials LiFe 1-x V x PO 4 with 0 ≤ x ≤ 0.13. They found that in the whole concentration range, the chemical valence of Fe 2+ remains invariant whereas the valence of vanadium evolves from +4 to +3. It was found also that the phase composition varies with the adding amount. The materials with 0 ≤ x < 0.08 are single-phase, and materials with x > 0.08 are two-phase, properties and electrochemical behavior of both kinds of materials being different. The electrical conductivity as well as the diffusion coefficient in single-phase region are enhanced with "x" increase. Upon going into two-phase region, the both quantities plummet down. Close results were reported in [8] . Recently, the influences of adding vanadium to the structure evolution and electrochemical performance of LiFePO 4 are systematically investigated by in-situ X-ray powder diffraction and X-ray absorption near edge structure spectroscopy in [9] . The results indicate that the addition of a small amount of vanadium (less than at 1 %) significantly reduces the formation of non-crystalline (highly disordered) triphylite and remnant heterosite phases in the cathode of battery especially at the rate capability higher than 0.5C. The cycle stability of LiFePO 4 cathode with vanadium additive after 80 cycles retains higher by 14.9 % compared to that without vanadium additive. Such an enhancement could be attributed to the ion diffusion kinetics being improved and inactive triphylite being reduced by the supervalent-vanadium additive in cathode during electrochemical redox cycles. In present work, LFP doped with vanadium was studied. The composition of samples studied is LiFe 1-x V x PO 4 /C, where x = 0.01, 0.03, 0.05, 0.1, therefore vanadium ions partially substituted for iron ions.
Experimental
LiFe 1-x V x PO 4 /C (x = 0.01, 0.03, 0.05, 0.1.) composite materials coated with fine carbon layer were prepared by a sol-gel process described elsewhere [5, 10] . The LiNO 3 , Fe(NO 3 ) 3 ·9H 2 O, NH 4 VO 3 , NH 4 H 2 PO 4 and sucrose were used as starting materials. The resulting precursor was finally calcined at 650 °C for 10 h in an argon atmosphere. Carbon converted from sucrose acted as reducing and conducting agent and its amount was ∼5 wt. % in the final product according to the TGA data.
Crystal structure was characterized by X-ray diffraction (XRD) with CuK α radiation performed on a Rigaku D/MAX 2200 diffractometer. XRD data were analyzed using Rigaku Application Data Processing software. Microstructures of obtained materials were examined with the help of the scanning electron microscope Carl Zeiss NVision 40.юElectrode paste was prepared by thoroughly mixing 85 % LiFe 1-x V x PO 4 /C as an active material, 10 % conductive carbon black (Timcal, Belgium), and 5 % binder (polyvinylidene fluoride (Aldrich) dissolved in anhydrous N-methyl-2-pyrrolidinone (Aldrich, ≤50 ppm H 2 O)). The paste was applied to stainless steel gauze (current collector) as a 15 mg/cm 2 layer. The resultant electrode was pressed at 100 MPa and vacuum-dried at 120 °C for 8 h.
Electrochemical tests were performed in hermetically sealed three-electrode (LiFe 1-x V x PO 4 /C/Li/Li) cells. The area of the working electrode was 2.25 cm 2 , and that of the auxiliary (lithium) electrode was 5 cm 2 . The cells were assembled in a glove box under an argon atmosphere with a humidity of <10 ppm. A nonwoven polypropylene separator (NPO Ufim, Russia) was placed between electrodes. 1 M LiPF 6 solution in a mixture of ethylene carbonate, diethyl carbonate and dimethyl carbonate (1:1:1) was used as electrolyte. The water content in the electrolyte, measured by a method of a Fischer coulometric titration, was equal to 20 ppm. Electrochemical cycling of the cells was performed at voltages range 2.5 -4.3 V using a ZRU 50 mA-10 V charge-discharge system (Buster, Russia). Certain experiments were carried out with using of more power device, specifically, ZRU 5 A-18 V (Buster, Russia). The tests were performed in galvanostatic mode at a currents densities of 20, 100, 200, 400, 800, 1600, 3200 mA/g. [7, 11, 12] . At the same time, one can see that XRD pattern Intensity, a.u.
Results and discussion

XRD
for LiFe 0.9 V 0.1 PO 4 /C does not differ from other patterns, and therefore there no evidences of twophase nature of this material. This result contradicts the data of [7] .
It should be noted that no diffraction peaks from impurities or residual carbon were detected. This fact is no wonder because heat treatment at 650 o C resulted in carbonization with formation of non-crystalline matter.
According to XRD data the mean size of X-ray coherent scattering regions for the investigated samples varies in the range 33 to 43 nm.
SEM
Electron microscopy data have shown that the average size of the LiFePO 4 /C particles is consistent with the coherent scattering regions and amounts to ~40 nm. The aggregation of the particles was observed for V-doped samples. The particle size of LiFe 1-x V x PO 4 /C samples has a wide distribution range from 100 nm to more than 2 μm according to SEM data (Fig. 2) . 
Charge/discharge behavior
The charge-discharge curves of various samples at current density 20 mA g -1 (what corresponded about C/8 rate) to a cutoff voltage between 2.5 and 4.3 V are shown in Fig. 3a . One can see that the curves for all samples with x = 0.01, 0.03, and 0.05 coincide. The electrode with LiFe 0.9 V 0.1 PO 4 demonstrates slightly less capacity. These results agree with data of [7] in spite of the fact that all materials were single phase. Increase in current density results in increase of electrode polarization, and this increase depends on doping level: the higher doping level, the less polarization increase. This result also agrees with conductivity enhancement along with doping. Fig. 3b shows the charge-discharge curves at current density 400 mA g -1 (what corresponded about 2.5 C rate). A half of difference between average potential of anodic and cathodic processes δE could present some generalized value of polarization. Fig. 4a shows dependence of δE on current density j for all samples studied. The dependence of δE on j 1/2 is shown in Fig. 4b . The latter plots are almost linear that is typical for the systems with distributed parameters, in which the polarization has diffusion and ohmic nature. Surely, the date obtained in the present work do not allow discrimination of both factors (diffusion and ohmic). Fig . 5 presents the results of charge/discharge cycling with different current densities. It is worth noting that at rather low C rates the capacity of slightly doped samples exceeds that of heavy doped materials. At high C rates this ratio changes due to notable decrease in polarization for heavy doped samples. Indeed, at current density 20 mA g -1 the discharge capacity of 
Conclusion
Lithium iron phosphate doped with vanadium (LiFe 1-x V x PO 4 with x = 0.01, 0.03, 0.05, and 0.1) and covered by fine carbon was synthesized by a sol-gel method from LiNO 3 , Fe(NO 3 ) 3 ·9H 2 O, NH 4 VO 3 , NH 4 H 2 PO 4 and sucrose as starting materials. XRD investigation showed that materials obtained have olivine structure and are indexed in the orthorhombic Pnma space group. LiFePO 4 doping with V results in slight changes in unit cell sizes. Electron microscopy data have shown that the average size of the LiFe 1-x V x PO 4 /C primary particles amounts to ~40 nm. At rather low C rates the capacity of slightly doped samples amounts to 146 mAh/g and exceeds that of heavy doped materials. At high C rates this ratio changes due to notable decrease in polarization for heavy doped samples.
